The marked association between the pathogenicity of staphylococci and their ability to coagulate the plasmas of certain animals has led to a more extensive study of the properties and mode of action of the clotting agent, staphylococcal coagulase, first described by Loeb in 1903 . Two findings in recent years are of especial importance. First, the discovery of Smith & Hale (1944) that coagulase brought about the clotting of fibrinogen through the agency of a third substance present in the plasma and tissues, and variously termed coagulase activator (Smith & Hale, 1944) , coagulase reacting factor (Tager, 1948a) or coagulase globulin (Miale, 1949) . Secondly, the finding that, contrary to earlier observations (Gross, 1931 ; Walston, 1935; Smith & Hale, 1944) , antibodies against coagulase can in fact be produced (Tager & Hales, 1 9 4 8~; Rammelkamp, Hezebicks & Dingle, 1950) .
The work now reported was begun in 1948 with a view to finding whether coagulase was antigenic and if so, how the antigen could be best prepared and administered. During this work various observations were published which tended either to confirm or deny our findings, especially those regarding the nature of coagulase activator. The results now reported may throw some light on these observations, but are preliminary to further studies on the use of coagulase antigen in the production of immunity to staphylococcal infections.
MATERIALS AND METHODS
Assay of coagulase. Many workers (Lominski & Roberts, 1946; Tager & Hales, 1947 ; Kaplan & Spink, 1948 ) measure coagulase by determining the lowest concentration which clots human plasma, usually diluted, after a given period of incubation a t 37". More recently, Rammelkamp, Badger, Dingle, Feller & Hodges (1949) , used as the clottable agent a solution of bovine fibrinogen to which a minute amount of human serum was added as activator. In the present work, 0.2 ml. volumes of falling dilutions of coagulase in saline buffered to pH7.4 were added to 0-2 ml. volumes of 0.1 % human fibrinogen (ether precipitated and dried) containing 5 yo rabbit plasma as activator, in tubes measuring 5.0 x 0-8 cm. This amount of rabbit plasma was nearly optimal for the reaction, so that the different amounts of activator present in different batches of fibrinogen could be neglected. The rabbit plasma was stored for months at -20" without any loss of activity, and the fibrinogen plasma mixture was likewise stable for a few hours when frozen. The tubes were incubated a t 37" for 30 min. or 1 hr. ; 30 min. was adequate for most purposes. Since the reaction proceeds stoicheiometrically the titre a t 1 hr. is double that a t 30 min. (Tager, 1948b) . A t the end of 30 or 60 min., as the case may be, one drop (0-02 ml.) of a 1 yo aqueous suspension of Supercel (Johns Manville) was added to each tube, and after dispersing the particles of Supercel the rack of tubes was placed in the refrigerator for 20-30 min. Falling dilutions of a standard preparation of coagulase were included in each test, and after further shaking these were matched visually with the unknown. The Supercel particles were found in different degrees of dispersion depending on the amount of coagulation which had occurred in each tube, and differences in flocculation corresponding to f 10 yo in the coagulase concentration could be recognized. The M.C.D. or minimal clotting dose was defined as that amount of coagulase/ml. which, when mixed with 1 ml. plasma fibrinogen and incubated for 1 hr. at 37" under the conditions specified, gave just visible flocculation of the particles. Most batches prepared with the 'Newman' strain of Staphylococcus aureus had values of 3000-3500 M.c.D./ml.
Assay of coagulase activator; method A . In the early stages of the work 0.2 ml. volumes of falling dilutions of the solution to be assayed were added to 0.8 ml. volumes of buffered saline (pH 7.4) containing 0-2 yo (w/v) of bovine fibrinogen (ether precipitated and dried). These mixtures were held a t 37*, and 0.2 ml. of coagulase solution was then added, the time of clotting being measured from the time of addition of coagulase. Reference to a curve prepared by diluting a known solution of activator allowed comparisons to be made with the activator content of the solution tested.
Assay of coagulase activator: method B. More recently it has been found possible to measure minimal amounts of activator by adding falling dilutions to tubes containing coagulase and bovine fibrinogen, the former in concentrations insufficient to clot the fibrinogen in the presence of the small amount of bovine activator present in the particular sample. Since a deficiency of activator is compensated for to some extent by an excess of coagulase, traces of activator were easily detected, but for most purposes submaximal amounts of coagulase were sufficient. In practice 0.2 ml. volumes of falling dilutions of '*activator in buffer saline were added to 0.2 ml. volumes of 0-4 % bovine fibrinogen, followed by 0.2 ml. coagulase solution containing as a maximum 3,000 M.c.D./ml. After incubation for 1 hr. a t 37", 0.02 ml. (v/v) rabbit plasma was added to each tube and the mixtures incubated at 37" for 1 hr. Supercel suspension (1 yo) was added and the tubes read after 30 min. at do. The reciprocal of the serum dilution just sufficient to allow minimal clotting was taken as the titre of the serum expressed in units. A serum of known value was included in all tests for comparison. The sera were not inactivated but were incubated with heparin for a short time to destroy thrombin and were stored frozen if not used immediately. The stability of the coagulase at pH 7.0 is less than at pH 2.0, but there was no demonstrable loss when equal volumes of coagulase (20 M.c.D./ml.) were mixed with either saline or normal rabbit serum diluted 11.2 and allowed to stand for 30 min, at room temperature as in the assay, provided that the final pH value of the mixture was 7.0.
EXPERIMENTAL

Strain selection and production of coagulase
The coagulase used in these experiments was produced by a strain of Staph. auras, 'Newman' (NCTC 8178), originally isolated from a case of secondarily infected tubercular osteomyelitis in man. It was the best free-coagulase producer among a large number of staphylococci isolated from human and animal sources; the stability of its coagulase was greater than that of other strains tested. This strain was selected by choosing colonies on nutrient agar plates containing 50 mg./human fibrinogen (ether precipitated) and 2.5 ml. human plasma/lOO ml. medium, these components being added to the molten agar immediately before pouring and at a temperature not exceeding 50'. After 18 hr. at 37' suitable colonies were surrounded by a zone of fibrin 2-3 mm. in diameter, which increased in size when the plates were left at room temperature. Many strains showed partial clearing of this zone through the action of either a protease or of staphylokinase, but this did not occur with the 'Newman' strain. Selected colonies were subcultured into 25 ml. conical flasks containing about 5 ml. nutrient broth. These cultures were grown for about 12 hr. at rest and were then agitated for several hours at 37' until full growth had been reached. The whole cultures and the centrifuged supernatants were then tested for coagulase activity. In the majority of strains the coagulase was about equally divided between cells and supernatant fluid, but in the 'Newman' strain some 90 yo of it was in the supernatant. Since the 'Newman' strain was in all respects the most suitable for this study, all work henceforth described was done with this strain. It must be emphasized that later work has shown that coagulase from other strains may behave differently.
Using the strain 'Newman', any good digest or infusion broth gave optimal coagulase production a t full growth, which could not be enhanced by the use of oxygen and carbon dioxide mixtures or by subsequent autolysis. The ' Casamino acid' medium used by Rogers (1945) gave equally good growth but poor coagulase production. Shaken cultures contained c. 4-5 times as much coagulase as did unshaken cultures, the amounts being roughly proportional to the amount of growth. For the production of large amounts of coagulase, 2 1. conical flasks containing 400 ml. broth were heavily seeded with a freshly grown culture and treated in the same manner as the smaller flasks. Since on subculture or storage in media the 'Newman ' strain produced occasional variants which were relatively poor coagulase producers, it was important to pick, from time to time, good coagulase-producing colonies from fibrinogen plates. Loss in coagulase activity (yo) 
Concentration of coagulase
For sterilization and concentration advantage was taken of the marked stability of coagulase at pH 2 ( Table 1) . Bacteria were removed from the culture by mixing with 'Filter cel' and filtration through paper, after which the filtrate containing the coagulase was cooled and all subsequent manipulations carried out at 4 ' . Cadmium sulphate was added to a final concentration of 0.5% (w/v) and the mixture adjusted to pH 5.8. The flocculant precipitate was collected next day and dissolved by the gentle addition of N-HCI to a final pH value of c. 2-0. This solution was dialysed against running tap water a t pH 2.0 until free from cadmium, insoluble material was removed, the preparation lyophil dried. The total loss was about 10 %.
Properties of the coagulase preparation
In agreement with Tager (1948b), we found that coagulase was rapidly destroyed by proteolytic enzymes; as little as 1 part of crystalline trypsin in 108 of solution was able to destroy 3000 M.C.D. in 4 hr. at 37'. Partially purified coagulase material had an activity of 6000 M.c.D./mg. ; it contained c. 60 % protein, so that its activity was lO,OOOM.c.D./mg. protein. Its most remarkable property was its stability a t pH 2.0, there being little destruction in several hours at 56" when held a t this pH. A solution of 1 mg./ml. had no action on rabbit cells or guinea-pig skin, and did not liquefy a fibrin clot in 24 hr. a t 37". It had slight phosphatase activity and 1 mg. destroyed 30 units of penicillin in 1 hr. at 37".
Occurrence of coagulase activator
Assay method B enabled us to compare the concentration of coagulase activator present in the various plasmas. The animals so far examined fell into two well-marked groups: human, monkey, horse, cat, pig, fowl and rabbit plasmas showed clotting at final dilutions of 1/150,000 to 1/200,000, while cow, sheep, dog, guinea-pig and mouse plasmas reacted at final dilutions of 1/3,000 to 1/10,000. A comparison of the plasmas of a number of individual members of each species showed little or no variation from the figures given.
Comparison of coagulase activator and prothrombin
Since the first description of coagulase activator by Smith & Hale (19$4), various authors (Tager & Hales, 1948a; Tager, 1948b; Kaplan & Spink, 1948) have studied the occurrence of activator in human and other plasmas, bearing in mind its possible identity with one of the known plasma components.
Tager & Hales (1948 a), using human plasma, noted a similarity in properties between activator and prothrombin, but because of certain discrepancies they did not conclude that the two were identical. The most important separation of activator and prothrombin appeared on repeated Seitz filtration of human plasma, the filtrate showing no loss of activator but failing to clot on re-calcification and addition of thromboplastin. Nevertheless, some prothrombin was left, since Tager & Hales found that acid precipitation of this filtrate, following dilution in distilled water according to Mellanby's method (1930) , showed prothrombin to be present in small amounts in the globulin precipitate.
The question is further complicated by discrepancies arising out of the study It is interesting that all the ethanol fractions which show activity are globulin fractions, although three of the above workers found that activator 7-2 occurred with the albumin in (NH,),SO, fractionation. From the work of Cohn et al. it is known that most of the prothrombin is in fraction IV-2. In our own studies prothrombin was measured by a one-stage technique similar to that of Quick (1942), factor V being added to the mixtures when necessary.
Comparison of plasma and serum. Before reading the papers of the abovementioned authors our attention had been drawn to the possibility that coagulase activator was related to prothrombin by the observation that both human and rabbit plasma contained much more activator than did the corresponding sera, as shown by a comparison of the two at various dilutions ( Table 2) . Destruction by thromboplastin. In the experiment shown in Table 3 , mixture A consisted of fresh plasma with brain thromboplastin and free calcium, while mixture B contained plasma and thromboplastin but no free calcium. After incubation the prothrombin concentrations in both mixtures were estimated by a modified one-stage technique, fibrinogen, thromboplastin and calcium being added in the quantities shown in the third column of Table 3 . Activator content was measured by method B. As will be seen, mixture A, which contained free calcium, showed almost complete loss of coagulase and activator, but there was little or no loss in mixture B. In this experiment the free calcium both in mixture A and in the subsequent prothrombin estimations was between 2.5 and 3.5 mM., and in the prothrombin dilution curves from which the prothrombin loss was estimated both calcium and factor V levels were optimum. Nevertheless, the losses given are only approximations. A similar destruction of both prothrombin and activator occurred with Russell's viper venom.
Dicumarol. Rabbits poisoned with dicumarol showed a marked decrease in the activator and prothrombin contents of their plasma, the decreases being approximately the same; similar decreases were found in the plasmas of patients under dicumarol therapy. Seitz Jiltration. Repeated Seitz filtration of plasma removed prothrombin without comparable loss of activator. In the cases of human plasma there was an apparent increase of the latter as noted by Tager & Hales (1948a) . Like these authors, we found that although this filtered plasma was apparently free from prothrombin, the precipitate obtained when it was diluted with distilled water and precipitated at pH 5.0, when redissolved, clotted on addition of CaC1,. If this were due to prothrombin in the filtrate, then its activity was less than 1 % of that present in the original plasma.* Purijcation by adsorption. Like prothrombin, coagulase activator is readily adsorbed from plasma by barium sulphate or freshly prepared aluminium hydroxide; a specimen of dried purified prothrombin prepared by Dr Rosemary Biggs (by adsorption of fresh human plasma with C a alumina followed by elution) was found to function well as coagulase activator a t very high dilutions, This protein was used in the experiments shown in Table 4 , in which the minimal amount of activator needed to produce flocculation of fibrinogen was measured for falling concentrations of coagulase using coagulase assay method B. Thus a t 16,0OO~.c.~. coagulase/ml. a final dilution of 1/108 of purified prothrombin (measured as protein) was sufficient. Lower concentrations of coagulase required more activator, but no simple relationship was found between the coagulase and activator concentrations required, and their product increased as the coagulase concentrations fell. ( x 10-6) StabiZity. We investigated the stability of activator and prothrombin in rabbit plasma kept at different pH values and temperatures ( Table 5 ) . There was marked loss of both components at the acid and alkaline values except at 60°, where both were most stable a t the acid level. The 30 min. value a t 60' is not given, since the loss was complete in all cases. In spite of possible errors due to the approximate nature of the measurements, there was surprisingly good agreement between the stability of the two substances in the range investigated. Coagulase clotting. Both Smith & Hale (1944), using testis extract as activator, and Miale (1949), using the albumin fraction of plasma, found that the incubation of coagulase and activator brought about the formation of a thrombin-like product, as shown by a progressive decrease in the clotting time when samples of the mixture were taken at intervals and added to fibrinogen. We found that this phenomenon is only apparent a t certain dilutions of both coagulase and activator (Table S), using as activator the purified prothrombin preparation previously mentioned. In this experiment prior incubation of 300 M.C.D. coagulase/ml. with all of the activator dilutions gave shorter clotting times than in the controls, but this was not found with the lower coagulase value. In a previous report (1950), based on experiments made with human plasma, we stated that coagulase was lost during clotting; this does not occur with rabbit plasma, and it is therefore likely that the loss we then found was due to the presence of an inhibitor in the human plasma used. With rabbit plasma we were likewise unable to demonstrate any loss in either prothrombin or activator during coagulase clotting, but it is possible that the loss is less than can be.detected by the methods used. If coagulase activator is identical with prothrombin, then the thrombin-like product is not thrombin, since it is not inhibited by heparin.
Serum inhibition
A number of workers (Lominski & Roberts, 1946 Human sera. Since the proportion of sera from normal humans showing antibodies to coagulase will depend on the sensitivity of the method used, it was of interest to measure some normal levels by the present method. The sera of twenty-five members of the laboratory staff showed the following distribution of antibodies : six =nil; four = 0-1 unit/ml. ; ten = 2-10 units/ml. ; two = 10-20 unitslml. ; two = 20-25 units/ml. ; and one = 60 unitslml. In this small series there was no clear association between past staphylococcal infection and the presence of antibodies. Sera from cases of chronic deep-seated staphylococcal infections all showed high anticoagulase titres, 100 units/ml. being present in some cases.
ArtiJciaZ immunization. Washed aluminium phosphate suspension (6 mg. / ml.) prepared according to the method of Holt (1950) adsorbed up to 3.5 mg.
coagulase/mg. aluminium phosphate at pH 4-8 from a 1 % solution of the partly purified coagulase. This material gave higher and more constant levels of anticoagulase in the sera of rabbits when injected either intramuscularly or subcutaneously, than did injections of coagulase alone, and was used in all the later experiments. The experiment shown in Table 7 was one of a series designed to find the optimal amounts of both aluminium phosphate and coagulase required. In this instance an increase in the amount of coagulase injected was not accompanied by an increase in the titre reached 14 days after the final injections. Nevertheless, all animals responded ; four animals gave 5 unitslml. after one injection, and two reached 20 units/ml. 14 d. ys after the third injection of 2 mg. coagulase. The highest titre so far reached was 40 units/ ml. following 3 injections over 6 weeks of larger amounts of more impure coagulase.
DISCUSSION
The many conflicting reports in the literature on the properties of staphylococcal coagulase are in part due to the use of totally different strains of staphylococci grown on different media. Whereas it is usual to use coagulase which has been separated from the cells by filtration or centrifugation, some authors have used suspensions of living or of heat-killed organisms, and this in our experience will affect the results. Furthermore, as Tager (1948 71) showed, a highly purified coagulase may exhibit qualities different from those of the 
crude culture filtrate. We have now found other strains which produce large amounts of extracellular coagulase with properties somewhat different from the coagulase produced by the ' Newman ' strain.
Our experiments indicate a similarity between the properties of coagulase activator and prothrombin; because of the role of the latter in normal clotting it is tempting to consider that they may be identical. We find that they are similar in physical behaviour; both are partly lost in normal clotting and on incubation with thromboplastin in the presence of Ca ion, and they both decrease in concentration almost pari passu in dicumarol poisoning. A similar decrease has recently been found in a case of obstructive jaundice, where both activator and prothrombin levels were diminished to 25 yo of normal. The work of other workers with ethanol precipitated fractions not available to us shows a wider spread of activator than of prothrombin over the various fractions. Contrary to several of these workers, we were unable to find activator in the albumin fraction following (NH,),SO, precipitation, but in the globulin fractions it occurred in the same fraction as the prothrombin. The chief point of difference between activator and prothrombin in our work (cf. Tager & Hales, 1948a) was the complete loss of prothrombin in plasma on repeated Seitz filtration, without any apparent loss of activator. It is conceivable that repeated Seitz filtration, while not removing prothrombin, may so alter it that although it is no longer capable of being converted into thrombin, it may yet function as coagulase activator. Since acid precipitation of this apparently prothrombin-free plasma can restore a fraction of its former activity, we cannot assume that prothrombin is ever completely absent following repeated Seitz filtration, and a physical change in its structure is therefore a possibility. Should prothrombin and activator be identical, it is not remarkable that the prothrombin of one species should be susceptible and the prothrombin of another refractory to the action of staphylococcal coagulase, since species specificity is a common occurrence in the case of most known toxins. Both Smith & Hale (1944) and Miale (1949) produced evidence that the incubation of coagulase and activator leads to the production of a thrombinlike product, as shown mainly by a progressive shortening in clotting time of the mixture when added to guinea-pig plasma or bovine fibrinogen. Our results show such a shortening at the higher coagulase concentration tested, and the increase noted a t the lower level may be due to the instability of low concentrations of coagulase when held for any period a t 37'. Further evidence (Miale, 1949) , that the thrombin-like product is more unstable when heated at 60' for 30 min. than coagulase or coagulase activator alone, is not borne out by our work, since we find that activator is rapidly changed a t this temperature, and one may therefore expect a similar thermolability of any thrombin-like product formed by a union of the two.
It is evident from our results and those of Tager & Hales (1948c) , that while antibodies may be produced in rabbits by successive injections of coagulase, the dose required is high and needs to be supplemented with a-lysin or to be adsorbed on a suitable carrier. Failure to use large doses, together with an adjuvant such as aluminium phosphate, probably accounts for the failure of other investigators to produce antibodies in rabbits. Our own experience indicates that an immunity comparable to that found in the sera of humans suffering from staphylococcal infections may be reached in rabbits after three intramuscular injections.
